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Dynamic Quantification, Visualisation and Animation of Blood 
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Objectives: Nuclear magnetic resonance (MR) phase velocity encoding techniques" were developed for assessment of three- 
dimensional blood flow patterns and regional blood flows in infrarenal aortic aneurysms in vivo. 
Methods: Twenty patients with abdominal ortic aneurysms were investigated before lective surgery with a 1.5 Tesla MR- 
scanner. Standard multislice spin-echo sequences were used for aneurysm imaging. A flow-adjusted gradients equence 
(FLAG) provided three-dimensional vector plots depicting local blood flow velocities as functions of time and anatomical 
position. Computer-generated animated presentations of the vectors were developed to ease data analysis and 
interpretation. 
Results: The blood flow patterns in infrarenal aortic aneurysms were much more complex than previously believed. Their 
main characteristics were simultaneous breakdown ofthe antegrade flow and creation of major etrograde flow components. 
Major pattern determinants included inlet geometry and lumen morphology, especially presence or absence of a 
thrombus. 
Conclusions: The frictional forces generated within the lumen as a result of the breakdown of laminar flows are probably 
translated to the aneurysm wall and contribute to thrombus formation, aneurysm growth and risk of rupture. 
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techniques; Phase velocity encoding; Vascular surgery. 
Introduction 
Abdominal aortic aneurysms develop in about 3% of 
the population over 60 years of age. 1'~ Although some 
risk factors for rupture have been identified, the main 
clinical problem remains that the risk of rupture in the 
individual patient cannot be assessed by existing 
methods. 
Since the tension on the aneurysm wall is depend- 
ent on the pressure gradient across the wall, the radius 
of the vessel and the thickness of the wall (LaPlace's 
law), the blood flow and velocity profiles may 
contribute not only to rupture but also to aneurysm 
growth and thrombus formation. Blood flow patterns 
in infrarenal abdominal aortic aneurysms have not 
previously been studied in detail in vivo. Investiga- 
Presented atthe 8th annual meeting of the European Society for 
Vascular Surger~ Berlin, Germany (September 1994). 
Please address all correspondence to: Mr Jesper Laustsen, Vascular 
Surgery Unit, Skejby Hospital, Aarhus University Hospital, DK- 
8200 Aarhus N, Denmark. 
tions of steady and pulsatile flows have been con- 
ducted with idealised symmetrical glass models of 
aneurysms with subsequent computer simulations, 3-6 
but the anatomy of abdominal aortic aneurysms 
differs widely from the theoretical models. Often a 
typical aneurysm has an anteriorly directed inlet of 
the aorta into the aneurysm, and curvatures are 
present in more than one plane. 
For these reasons this study was undertaken to 
quantitate and visualise the three-dimensional flow 
patterns in infrarenal aortic aneurysms in vivo using 
magnetic resonance (MR)-based phase velocity encod- 
ing techniques. 
Material and Methods 
Twenty patients (mean age 68 years, range 50-80 
years; 18 males and two females) with asymptomatic, 
non-specific infrarenal aortic aneurysm were exam- 
ined before elective vascular surgical reconstruction. 
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The protocol was approved by the local ethical 
committee, and the patients gave their informed 
written consent. 
The aneurysms had a median diameter of 5.1 cm 
(range 4.0-8.5 cm) in the transverse plane. Six patients 
had extensive intraluminal thrombus with a blood 
conducting lumen of less than 3 cm. None of the 
aneurysms extended to the iliac arteries. The anatomy 
of the aneurysms was visualised using standard 
multislice spin-echo sequences on a Philips 1.5 Tesla 
Gyroscan $15 MR-scanner. Blood velocities were 
measured in two planes using the standard FLAG 
(FLow Adjusted Gradients) phased velocity encoding 
sequence. 7 We have previously reported validation of 
the method in vitro and in vivo. s 
The first plane of measurement was an angulated 
sagittal plane aligned with the proximal part of the 
abdominal aorta and the proximal part of the aneu- 
rysm. The second plane of measurement was an 
angnlated transversal plane orthogonal to the aneu- 
rysm and going through the proximal part of the 
aneurysm (corresponding to one-third of the length of 
the aneurysm downstream from the start of the 
aneurysm) (Fig. 1). 
Velocities were encoded for in all three spatial 
directions to give a full three-dimensional description 
of the flow fields. The following variables were used: 
Acquisition matrix 128 × 128 points, field of view 
400.400 mm 2, velocity sensitivity _+ 125 cm/s, 45 ° flip 
angle, 10-11 ms echo time, two signals averaged, 10 
mm section thickness. Cardiac triggering was used, 
and 23-32 heart cycles were used depending on the 
heart rate of the patient. The total examination time 
was approximately 1 h for each patient. 
The primary blood velocity data were semi- 
automatically corrected for background phase error 
and noise using dedicated software based on the 
method introduced by Walker et al. 9 Additional 
software was developed for calculation ofblood flow 
velocities in selected regions of interest on a SUN 
Spark computer station and for determination of 
global or local blood flows. 
The data were visualised using Spyglass® soft- 
ware on Macintosh computers: the two in-plane 
velocity components were combined to give a result- 
ing velocity vector representing both magnitude and 
direction of the resulting in-plane blood velocity in 
every pixel within the plane of measurement. The 
vector map was subsequently superimposed on the 
corresponding anatomical image (Fig. 2). These proce- 
dures were repeated for every phase of the heart cycle. 
The out-of-plane blood velocities were visualised as 
surface plots of the velocities across the plane of 
measurements forevery heart phase (Fig. 3). For both 
Fig. 1. The planes of measurement : (1)An angulated sagittal p ane aligned with the proximal part of the abdominal aorta nd the proximal 
part of the aneurysm. (2)An angulated transversal plane orthogonal to the aneurysm and going through t e proximal part of the aneurysm 
corresponding to one-third ofthe length of the aneurysm downstream from the start of the aneurysm. 
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Fig. 2. Two-dimensional visualisation of blood velocity vectors in the longitudinal xis plane of an abdominal aortic aneurysm with (a) and 
without (b) a thrombus. A unit size vector corresponding to 0.8 m/s  is shown at the lower ight. The vector plots are shown at different 
time (ms) after the R-wave of the electrocardiogram. (a) When the lumen was narrow and of about he same size as the aortic inlet diameter, 
the retrograde blood flow occurred predominantly during diastole and vortices were not seen. (b) The blood flow in the systole was directed 
anteriorly and distally close to the anterior aneurysm wall. During late systole a radial, swirling motion was observed close to the anterior 
aneurysm wall. Throughout most of the cardiac cycle retrograde blood flow was present close to the posterior aneurysm wall. The dark 
intraaneurysmal areas represent low blood velocity zones. 
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types of data, real time animations in the individual 
heart phases on a computer screen allow dynamic 
interpretation. 
Results 
The anatomy of the abdominal aortic aneurysms was 
complex and variable. First, a considerable but vary- 
ing angle was present between the proximal aorta and 
the longitudinal axis of the aneurysm as seen in Fig. 1. 
Second, the aneurysms and the proximal aortae 
curved in both the frontal and sagittal planes rather 
than having a straight course. 
Despite the inherent variations of geometry, 
aneurysm size and outflow conditions, some general 
patterns were identified. In general, the inlet blood 
stream jet followed the axis of the inflow during 
systole. In the wake of this jet considerable amounts of 
local retrograde blood flows were created. If the lumen 
was narrow and about the same size as the inlet aortic 
diameter, i.e. less than 3 cm (6 pts.), the main 
retrograde blood flow occurred during diastole, and 
vortices or distinctly low velocity regions were not 
seen. The blood velocities through these aneurysms 
were characterised by being in the same order of 
magnitude as the blood velocities in the aorta prox- 
imal to the aneurysm as seen in Fig. 2a. The velocity 
distribution across the lumen was almost symmetrical 
with retrograde blood flow occurring first at the vessel 
walls in early diastole. 
In the second group of aneurysms consisting of 14 
patients with scarce intraaneurysmal thrombus, blood 
velocities were considerably lower than in the aorta 
proximal to the aneurysm. The inlet jet created 
retrograde blood flow in the opposite part of the 
aneurysm, and vortices were created. Low flow zones 
were present in the middle of the aneurysm and along 
boundary layers (Fig. 2b). The out-of-plane velocity 
profile across the plane of measurements in an 
axisymmetrical aneurysm one-third ownstream from 
the inlet is shown in Fig. 3. 
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Fig. 3. Out-of-plane v locity in every pixel across the transversal plan  of measurement. Thex and y axes describe the position of pixels 
along the right/left and anterior/posterior direction. The surface plots are shown at different time (ms) after the R-wave of the 
electrocardiogram. A large zone with retrograde flow is seen at the posterior wall starting in the late systole (259 ms). 
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Discussion 
Prediction of rupture risk for an abdominal aneurysm 
is of crucial importance. Generally, aneurysm size has 
been the most important variable when considering 
the indications for surger3~ 1°but it is not clear how, 
and to what degree, haemodynamic factors such as 
blood flow velocitN blood pressure, shear stress and 
shear ate influence the development of aneurysms. 
Although large aneurysms have a greater isk of 
rupture as compared to smaller, Darling 11 observed 
that about 20% of ruptured aneurysms were less than 
4 cm in diameter. Also, various biomechanical factors 
and the presence of an intraluminal thrombus are 
believed, but not proven, to contribute to increased 
risk of rupture. 12 
Unidimensional MR phase velocity encoding in 
the abdominal aorta has previously been validated 
against ultrasound Doppler. There was a good correla- 
tion both with respect o the shape of the velocity 
profile and to the estimate of volume flow. 13 We have 
previously evaluated our three-dimensional phase 
velocity encoding method against pulsed Doppler 
point velocity measurements and found a good 
correlation 8 so the method presented here is believed 
to give an accurate quantitative stimate of three- 
dimensional blood flow velocities. 
In comparison to colour Doppler blood flow 
imaging, which is the most widely used technique for 
non-invasive visualisation of blood flow, MR phase 
velocity encoding provides quantitative velocity infor- 
mation in all three dimensions with a high spatial 
resolution. This enables a quantitative description of 
the three-dimensional flow patterns that we found to 
be characteristic for abdominal aortic aneurysms. The 
vector plots illustrate the advantage of the additional 
information that was obtained from the two in-plane 
velocity components as compared to the one-dimen- 
sional blood flow maps available by colour Doppler 
imaging techniques. 
The blood flow patterns within the lumen of 
aneurysms have previously been studied by colour 
coded ultrasound Doppler techniques. One group of 
patients had smooth and laminar blood flow profiles 
similar to those of the normal aorta, and another 
group had "turbulent" blood flow with irregular 
circuitous patterns with turbulent flow in the proximal 
part of the aneurysm. ~4 Matsuoka et al. used cine MR 
imaging and classified the blood flow patterns in ten 
patients with abdominal aortic aneurysms as "irregu- 
lar", "zonal", "eddy" or "obscure" and described flow 
creating a "taper" or "round" apex in the sagittal 
plane. ~5 Due to the limitations of these two methods, 
determination of more complex flow patterns could 
not be expected. 
In glass models steady 3 and pulsatile 4 fluid flows 
have been visualised, and computer-based simula- 
tions of single particle behaviour using two-dimen- 
sional models of axisymmetrical systems have given 
results imilar to those obtained in vitro. 5"6 The results 
in these idealised models consistently showed whirl 
formations, creation of retrograde flow and zones of 
stagnation, but from the present data it is evident hat 
the approach of describing the flow in aneurysms in 
terms of an axisymmetrical Newtonian flow must be 
considered an oversimplified approximation. 
The results in the present series document the 
complex blood flow patterns present in abdominal 
aortic aneurysms. The main findings were the creation 
of considerable retrograde blood flow and, with 
increasing patent lumen, vortex formation and low 
flow zones. 
Frictional forces generated by abnormal blood 
flow patterns may be translated to the aneurysm wall 
and contribute to aneurysm growth and risk of 
rupture. Low blood flow regions predispose to local 
thrombus formation. Further longitudinal studies are 
required to determine the influence of the blood flow 
patterns on aneurysm growth rate, thrombus forma- 
tion and rupture risk. 
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